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N 1934 Wilson, Johnston, and Hill' published observations on the potential variations of the ventricular cavities of the dog's heart and emphasized the bearing of their observations upon the interpretation of the QRS deflections of unipolar epicardial leads. The methods described and the principles laid down in their article were used later in the analysis of the precordial electrocardiogram" and have placed electrocardiographic interpretation upon a sounder and more logical basis. With the introduction of catheterization3 of the human heart it became possible to duplicate many of the observations made in the animal experiments referred to, and also to record the potential variations of the right auricular and right ventricular cavities in various types of cardiac abnormality which do not occur spontaneously in animals and cannot be simulated in experiments.
The first report dealing with intracavitary potential variations in man was made by Hecht4 in 1946. He concluded that the principles based on animal experiments could be applied safely to the interpretation of the human electrocardiogram.
In the following year Battro and Bidoggia5 studied twelve normal subjects and eleven patients with cardiac abnormalities.
They pointed out the resemblance of the tracings obtained from the cavity of the right auricle to those recorded from the auricular levels of the esophagus.
In their normal subjects, leads from the right ventricle displayed a small initial R wave, followed by a large S and a negative T deflection.
In a case of right bundle branch block the cavity of the right ventricle was initially positive, whereas in one of left bundle branch block it was negative throughout the QRS interval. Shortly after this report appeared, Sodi-Pallares and associates6 published similar observations on six normal subjects, on twenty patients with heart disease, and on dogs studied under various experimental conditions. They found a great similarity between the records obtained in human bundle branch block and those obtained in dogs in which right or left bundle branch block had been produced experimentally.
In their normal subjects, leads from the right ventricular cavity yielded curves similar to those described by other workers.
With respect to the ventricular The purpose of our own studies has been to confirm and extend the observetions published hey others , and in particular to compare the potential variations of the cavity. of the right ventricle with those of the right side of the precortlium in various t\Tpes of heart disease.
We are reporting here only those cases in which it was possible to obtain leads from the cavit). of the right auricle and a lead from at least one point in the cavity of the right ventricle. -4lthough the distal end of the st\.let was never at the end of the catheter, ancl in a few instances could not be advanced to a point less than four or iivc inches from it, the potential variations recorded were clearly those taking place at the catheter orifice, for the catheter was a nonconductor. The effect of increasing the distance from the distal end of the stylet to the tip of the catheter was examined and it was found that as this distance became larger the resistance in the electrocardiographic circuit rapidI)-increased.
As this resistance rose, the tracing recorded showed increasing distortion clue to stray sist\,-c\.cle current.
The general outline of the electrocardiographic deflections was not altered in other respects, even in instances in which the distance from the distal end of the stylet to the catheter tip was increased to as much as three feet. AAt this distance, however, the voltage of these deflections was onI>. about one-half as great as when the end of the stylet was onl>~ a few inches from the orifice of the catheter (Fig. 1) . Although the position of the catheter orifice could usually be ascertained by fluoroscopy, pressure readings were relied upon to determine without question that the catheter tip had entered or had been withdrawn from the right ventricle or pulmonary artery.
An attempt was made to obtain records from at least three positions within the right ventricle.
Position I is defined as that in which the catheter tip has just entered the right ventricle from the auricle and lies on the ventricular side of the tricuspid valve. The catheter orifice can be brought into this position by being advanced slowly until the smaller pressure variations characteristic of the right auricular cavity are replaced by the larger pressure variations characteristic of that of the right ventricle.
Position 111 is that occupied by the catheter tip when it has been withdrawn from the pulmonary artery and lies on the ventricular side of the pulmonary valve. This position can be identified by the taking of a continuous pressure tracing as the catheter tip is being withdrawn after fluoroscopy has demonstrated its entrance into the pulmonary artery or one of its branches.
The arrival of the catheter tip at the desired point is recognized by the sudden transition from the pulse pressures characteristic of the pulmonary artery to the larger pressure variations dependent upon the low diastolic pressures in the right ventricle.
Position II is that occupied by the catheter tip when fluoroscopy shows that it lies near the cardiac apex and the pressure readings are those characteristic of the right ventricle. It was not always possible to obtain recordings from each of the three positions specified; for, in some instances, the catheter could not, for one reason or another, be advanced to the cardiac apex, or could not be introduced into the pulmonary artery.
In each case leads were taken from three positions in the right auricle. These were determined fluoroscopically and were called high, mid, and low. In the first of these, the catheter tip had just entered the right auricle from the superior vena cava; in the third, it was on the auricular side of the tricuspid valve; and in the second, it was approximately midway between the first and the third.
Tracings were occasionally obtained from the superior vena cava and from points within the pulmonary artery.
In addition, sometimes the catheter was advanced into the inferior vena cava and from there into branches of the hepatic vein, for the purpose of obtaining semidirect leads from the adjacent parts of the epicardial surface of the right or left ventricle (Fig. 5) . Our cxperience with these last leads is limited, but it is felt that they may be of some value.
The intervals from the beginning of the QRS interval to the peak of the R wave and to the nadir of the S wave were measured* to the nearest thousandth of a second both in Lead VI and in leads from the cavity of the right ventricle. In some instances these measurements were extended to other leads or other deflections. or not at all in others. Auricular extras>-stoles appeared while the catheter was in the right auricle in only one case (Fig. 2) . Ventricular extrasystoles, however, were recorded on several occasions when the catheter was in Position II or III in the right ventricle, and could be made to disappear b> withdrawing the catheter a few centimeters. The lower strip is a lead from the mid-position in the right auricle and the second complex represents an auricular extrasystole followed by a compensatory pause.
In the type of ventricular extrasystoles usually seen, Lead Vr displayed a broad, bizarre QS complex (or a broad S wave preceded by a tiny R wave), and in the leads from within the right ventricle the normal initial positivity disappeared, so that the QRS complex was represented by a broad, downward deflection (Fig. 7) . Such extrasystoles were attributed to a focus on the endocardial surface of the right ventricle.
In one tracing, however, an ectopic ventricular beat occurring after a period of cardiac standstill induced by carotid sinus pressure is represented in Lead ?Jr by a deep, broad S wave, preceded by a very small R wave, and in a lead from the cavity of the right ventricle (Position II), by a QRS complex consisting of a broad, notched R wave followed by a small S wave (Fig. 3) . It is not certain that this ectopic beat was initiated by the presence of the catheter, but if it arose on the endocardial surface of the right ventricle, the electrocardiographic pattern which it produced is difficult to explain. In that case one would anticipate initial negativity of the ventricular cavity. It clearly had its origin near the cardiac base, for during the larger part of the QRS interval the excitation was spreading away from the precordial electrode near the base and toward the cavity electrode which was near the apex. There is a widespread belief that extrasystoles usually originate in the Purkinje system.' I II  II  II  III  III  II  I I This would seem to indicate that pressure of the catheter against the endocardium ma)-in some instances delay conduction in the right I'urkinje plexus, in one of the subdivisions of the right bundle branch, or in this structure itself.
In one case of hypertension complete right bundle branch block was present only during the catheterization procedure.
Avtif~cfs.----C)ccnsionall)., small, broad, positive waves ( Fig. 4) Intra-auricular Electrocardiograms.-In general, our observations are in 'Jgreement with those of previous workers4,506 and are in accord with the prediczions of the dipole theory.* When the catheter tip is above the sinus node so that the auricular excitation wave spreads away from it, the P wave lies entirely below the isoelectric level. When the exploring electrode is in the middle of the auricular cavity so that the impulse first approaches, and then passes it, the P wave is of the RS type, with the peak of the R wave representing the arrival of the impulse at the level of the electrode.
In leads from the lowest portion of the auricular cavity the P wave is predominantly positive (Fig. 7) . In one instance it was observed that the auricular complex regularly passed through the three forms, that is, from positive to diphasic to negative, while the P-R interval remained constant (Fig. 6B) .
It was apparent that this cycle was due to respiratory variations in the position of the catheter tip.
In a few instances we were able to produce similar changes in the P waves by instructing the pa- In one case of congenital heart disease the 1' jvaves in the leads from the right side of the precordium \vere broad and notched. Because of the presence of a patent interauricular septal defect, it n'as possible in this instance to obtain electrocardiograms from the midportions of both the right and left auricles. In the lead from the right auricle the intrinsic deflection corresponded in time to the first notch of the P wave of Lead \' I. In the lead from the left auricle the P-R interval was shorter and the intrinsic deflection corresponded in time to the second notch of the I' wave in the prccordial lead.
The QRS complex of the lead from the right auricle differed strikin&, from that of the lead from the left. The former was dominated hi. a large R wax-e, whereas the chief deflection of the latter was downward (Fig. 2 ) homolateral cavity is initially negative and the contralateral, initially positive. The normal, initial positivity of the right ventricular cavity in man is, therefore, attributed to early activation of the septum from left to right.
We may conclude, then, that activation of the septum in the normal fashion has opposite effects upon the potentials of the two cavities.
It has the same effect upon each cavity and the epicardial surface of the free ventricular wall which bounds it. In contrast, the activation in the normal fashion of one of the free ventricular walls has opposite effects upon the potentials of its inner and outer surfaces, but affects the potentials of both ventricular cavities in the same way. These statements, of course, concern the sign of the potentials referred to, not their magnitude.
When a boundary between active and resting muscle is established between the cavity and the epicardial surface of the right ventricle by an impulse spreading through its free anterior wall from within outward, the presence of this boundary will tend to make the epicardial surface of the wall positive and the ventricular cavity negative.
The potential of the precordium is under all ordinary circumstances of the same sign with reference to an indifferent point, such as the central terminal, as that of the nearest part of the epicardial surface.
But the magnitude of the potential of the precordium in comparison with that of the nearest part of the epicardium is dependent upon a variety of factors and is not easily predictable.
With reference to the comparison of the ventricular complexes of a lead from the right side of the precordium and the ventricular complexes of a lead from the cavity of the right ventricle, the following conclusions seem to be justifiable when, but only when, the ventricles are responding to impulses which reach them solely by way of the bundle of His, regardless of whether all subdivisions of this bundle are conducting normally.
When a deflection in one direction occurs in the precordial lead simultaneously with a deflection in the opposite direction in the cavity lead, both deflections should be attributed to forces across a boundary between active and resting muscle in the free wall of the right ventricle.
On the other hand, when a deflection in one direction in the precordial lead occurs simultaneously with a deflection in the same direction in the cavity lead, it is justifiable to conclude that the cavity deflection is shaped by forces arising at a boundary between active and resting muscle lying in the ventricular septum or the free wall of the left ventricle.
The precordial deflection must be attributed in part to the same forces, but the possibility that it also represents forces generated in the free wall of the right ventricle cannot be excluded.
The initial activation of the septum from left to right which normally occurs prior to the activation of the free wall of the ventricles is represented by an R wave in the leads from the precordium which reflect the potential variations of the right side of the septum (Lead VI, and possibly Leads Vz and V,) and by a Q wave in those leads which reflect the potential variations of the left side of the septum (Leads Vg and V,r in about 50 per cent of normal subjects and leads from the left back).
In normal subjects and in patients with left ventricular enlargement, the small initial R deflection which occurs in the leads from the right side of the KERT AND HOOBLER: VARIATIONS OF CAVITIES OF RIGHT SIDE OF HEART 109 precordium is more or less simultaneous with the initial R wave of the leads from the cavity of the right ventricle. It is justifiable, therefore, to conclude that the precordial R wave is due in part to forces of septal origin.
After the inscription of this initial R wave the precordium and the cavity of the right ventricle are negative, and it is clear that this negativity is due to activation of the septum from right to left, to activation of the free walls of the two ventricles from within outward, or to both.
The rapid increase in the negativity of the right ventricular cavity early in the QRS interval, for which these septal and left ventricular forces are responsible, causes the part of the precordial R wave due to activation of the thin free wall of the right ventricle to be much less conspicuous than it would be if it were written on a horizontal base line instead of a steep downward slope. The size of this R wave is not proportional to the voltage across the right ventricular wall.
In right ventricular hypertrophy, on the other hand, the activation of the thick free wall of the right ventricle produces voltages that are greater or develop more rapidly than the septal and left ventricular forces in question and are also of longer duration.
Under these circumstances the potential of the epicardium of the right ventricle and the right precordium are positive for a considerable period during which the potential of the ventricular cavity is negative. In right bundle branch block the activation of the free wall of the right ventricle occurs so late in the QRS interval that the forces which it produces are unopposed.
Here again the potential of the cavity and the potential of the epicardial surface of the right ventricle are opposite in sign.
The principles applicable to interpretation of the deflections produced by depolarization are equally valid in the interpretation of those which accompany repolarization.
The T wave in leads from the epicardial side of the free wall of the right ventricle will differ in direction from that inscribed in leads from the ventricular cavity side only when the forces produced by repolarization of the free wall of the right ventricle are not overbalanced by those produced by repolarization of other parts of the heart.
In the majority of normal adults the T waves are upright in the leads from the right side of the precordium and inverted in leads from the right ventricular cavity.
This implies that repolarization takes place earlier on the epicardial than on the endocardial side of the right ventricular wall; in other words, the repolarization process spreads from the epicardial toward the endocardial surface. When the T waves have the same direction in leads from both sides of the free wall of the right ventricle, their form is evidently determined to a large extent by forces produced by repolarization of the septum or the free wall of the left ventricle.
Under these circumstances the present method of investigation does not furnish reliable information concerning the direction of repolarization in the free wall of the right ventricle. Such information could be obtained only by measuring the voltage across the wall during the inscription of the T wave by leading from its endocardial to its epicardial surface.
Group. 1. Cases of Right Ventricular Enlargement.-The majority of our cases of this kind were examples of extreme right ventricular enlargement. The precordial electrocardiogram, therefore, was of the type displaying tall R 110 AMERICAN HEART JOURNAL waves in the leads from the right side of the precordium and small R and deep S waves in the lends from the left side (Fig. 6A) .
In one case in which the clinical diagnosis was tetralog). of P-allot the large Ii deflection of the leads from the right side of the precordium was preceded by a Q wave (Fig. 6A) . The leads from within the right ventricle also displayed a Q deflection and this was simultaneous with the Q wave in lead \yl (Fig. 6B) .
It can hardly be doubted that the precordial Q wave and the cavit!. Q wave are alike in origin, but there is no entirely satisfactory explanation for the occurrence of a Q deflection in leads from the right ventricular cavity-. Several possibilities ma>. be considered. There was no Q wave in the leads from the left side of the prccordium and the left side of the back, but this deflection occurred in all the leads from the right side of the III-~-cordium and in a lead from the posterior aspect of the right chest (Fig. 64) . If the Ii wave of the cavit\-lead in this case is attributed to activation of the left side of the septum before the excitation process reached the right side 1~1, \\;a~ of the right branch of the bundle of His, the still earlier Q deflection must bc ascribed to an excitatory process traveling away from the exploring electrode through left ventricular muscle.
If the cavity Q wave were due to forces arising in the free wall of the right ventricle, it would be expected to be simultaneous with an upward deflection in Ixatl ['I. If we ascribe this deflection to activation of the septum from right to left, we must assume that the right side of the septum was activated before the left; or, that the two sides of the septum were act ivntctl simultaneousI>.
and the forces produced 1,~. activation of the right sitlc of this structure overbalanced those produced by activation of its left side during the earliest phases of the QRS interval.
It seems unlikely that there is a minor defect in left bundle branch conduction in those cases of right ventricular h\-pertroph> in which the right ventricular cavit). is initially negative, for this hypothesis does not satisfactoril!. account for the rather prominent Ii wave which follows the small Q wave in right cavit). leads.
It is conceivable that in these cases escitation begins or develops most rapidly in the free wall of the left ventricle or in one of the papillary muscles in the left or right side of the septum. Whether the presence of a defect in the ventricular septum is in an\-wa>-responsible fol the phenomenon in question is also a matter for conjecture. It is hardly worth while to speculate further until more data are available, but it should be noted that occasionall)-in clogs there is initial negativityof the right ventricular cavity-, even in the presence of right bundle branch block."' Fig. 6 Four of our patients with right ventricular enlargement displayed notching or slurring of the upstroke of the tall R wave of Lead VI. In three of these the R-wave peak in the cavity lead corresponded closel>-in time to the notch or slur in I,ead VI and the peak of the R wave in the precordial lead was related closeI>. in time to the S cleflection of the leads from the cavity of the right ventricle (Fig. 7) . It seems evident, therefore, that in cases of this type the R wave in Lead V1 represents forces produced by activation of the septum from left to right followed closeI!-1~~. the activation of the free wall of the right vcntricle from within outward. In three cases the T waves were upright in the leads from the right side of the precordium and inverted in those from the right ventricular cavit!.. This pattern is the rule in normal subjects and, as already noted, suggests that repolarization takes place earlier on the epicardial side than on the endocardial side of the right ventricular wall.
In the other three cases the T waves were inverted both in the leads from the right side of the precordium and in those from the right ventricle, and this T-wave pattern is ascribed to the course of repolarization in parts of the heart other than the free wall of the right ventricle.
It does not permit any conclusion as to whether repolarization of this wall begins on its innet or outer surface.
It (Fig. 3 j. 111 both cases there was a broad, initial Ii wave in the leads from the right ventricle.
,4s in the other cases the size of this deflection varied with the level of the electrode, and in both instances its voltage was smaller in the lead from Position I than in the lead from Position II. In each case it was clear that the initial positivity of the cavity. was responsible, at least in part, for the earl!. Ii wave in I,ead \:I, whereas the S wave of the intraventricular leatl correspondctl in time to the late R' of the precordial tracing.
In one case the precordial R wave was distinctI>-bifid and the late R' had a notch on.its descending limb (Fig. 8) .
This notch corresponded in time to the nadir of the S wave of the intraventricular lead, and this part of Ii' is clearI>, attributable to the activation of the 112 AMERICAN HEART JOURNAL free wall of the right ventricle. The depression which separates the R and Ii' deflections in Lead Vi corresponds in time to the notch on the intraventricular R wave and it seems likely that both represent the effect of forces produced by, activation of the free wall of the left ventricle.
Thus, in those cases of complete right bundle branch block in which the secondary R' wave in Lead Vr is broad, and particularly when it is notched, the first part of this deflection is evidently due mainly to activation of the septum from left to right, whereas its final part represents activation of the free wall of the right ventricle.
In cases of right bundle branch block in which the R' deflection of Lead Vr is slender and unnotched, it is still uncertain whether it is due solely to activation of the free wall of the right 'ventricle, or contains septal components also. One of our records shows a QRS complex of the normal type, indicating that the bundle branch block temporarily disappeared. In Lead Vr this complex is of RS form and measures 0.08 second in duration.
In the lead from the right ventricle the same beat is represented by a QS complex or a downward deflection preceded by a tiny R wave. In our other cases the duration of this deflection averaged about 0.02 second, the minimum being 0.010 second and the maximum, 0.035 second (the latter occurring in the tracing of a normal subject).
The height of this R wave deflection in the two cases of right bundle branch block was no greater than its height in our other cases, and it seems unlikely that its voltage can be depended upon to differentiate between right bundle branch block and normal intraventricular conduction.
On the other hand, its duration may be helpful in making this differentiation.
In our two cases of right bundle branch block the intra-auricular leads displayed a broad, late R wave similar to that present in Lead Vs.
Group 3. Left Ventricular Enlargement.-There were three patients in this group, all with prominent left ventricular enlargement.
In al1 of them the leads from the right ventricle displayed a small initial R wave (Figs. 5 and 9B). The duration of this deflection was approximately the same as in the cases of right ventricular enlargement, but on the whole its amplitude was smaller. If its small size were due to less early activation of the left side of the septum, one would expect the Q waves of the leads from the left side of the precordium to be correspondingly reduced in size. In the few patients whom we were able to examine, this was not the case. There are cases of left ventricular enlargement in which the initial R wave of the leads from the right side of the precordium is minute or entirely absent and intracavitary leads would be of g-r-eat interest in such cases. No cases of this kind are included in our series.
In two cases there was a late R wave in the leads from the lower portion of the right auricle (Fig. 9B) .
It is suggested that this deflection was due to activation of the base of the left ventricle.
In one of these Lead VR displayed a similar deflection (Fig. 9A) .
In the remaining two cases the QRS complex of Lead Vn consisted of a QS complex.
The T waves were inverted in the intraventricular leads in one case and low but upright in the other two. The 1' waves were upright in the leads from the right side of the precordium but inverted in all those from the left side in all three cases.
Group ?.-The remaining four patients form a heterogeneous group, but in none was cardiac enlargement present.
The intracavitary R waves corresponded closely in time with the R waves of Lead Vi.
In all instances but one the initial R wave of the right ventricular cavity measured less than 0.024 second in duration and was not conspicuously tall. The exceptional patient was a young man of twenty without apparent heart disease whose tracings in the leads from the right ventricle displayed R waves which were unusually broad (0.035 second) and tall compared with the S wave (Fig. 10B) . This patient's precordial electrocardiogram showed a QRS interval of 0.09 second, tall R waves in the leads from the right side of the precordium, especially Lead VP:, and Q waves in Leads Vs and Vs (Fig. lOA) .
In Lead V'q (a lead from the right side of the chest corresponding to Lead V,) the sole QRS deflection was upward. We have KERT   AND HOOBLER:  VARIATIONS  OF CAVITIES  OF RIGHT  SIDE OF HEART   115 wondered whether an abnormal delay in the activation of the right ventricle was present in this case. Certainly, if intracavitary leads and leads from the right side of the chest had not been taken, no abnormality would have been suspected. It is our opinion that in some normal subjects the normal difference in the time of activation of the two ventricles is greater than it is in others.
SUMMARY AND CONCLUSIONS
Intracavitary electrocardiography is useful for the purpose of ascertaining the effects of activation of the free wall of the right ventricle upon the form of the QRS complex of Lead Vi in cases of right ventricular enlargement and right bundle branch block. The order in which the inner and outer layers of this wall are repolarized is disclosed by this method only-when the T waves of the leads from the ventricular cavity and those of the leads from the right side of the precordium are opposite in direction.
1. In right ventricular enlargement the large R wave in Lead Vi represents the activation of the free wall of the right ventricle.
Notches or slurs on the upstroke of this deflection are apparently due to the activation of the septum 
